Introduction
Coke is an essential fuel material, due to its irreplaceable skeleton role, used in the smelting process of blast furnace. 1) As the only solid material existing in the blast furnace hearth, the reaction behavior of coke directly influences the permeability of the blast furnace lower zone, and further affects the smooth operation of the blast furnace as well as the iron production rate. 2) Therefore, it is greatly important to understand the reaction behavior of coke in the zone of blast furnace hearth. A lot of researches were focused on the interfacial reaction between coke and liquid iron at a high temperature, 3) the interfacial phenomena during carbon from cokes dissolution into molten iron 4, 5) and the dissolution behavior of carbon from coke or coal-char into liquid iron. 6, 7) In addition to the interaction between coke and hot metal in the blast furnace hearth, the molten slag could also react with coke and further influence the erosion of the coke. However, few investigations on the interaction between coke and molten slag in blast furnace hearth have been reported.
When the laterite ores are smelted in blast furnace, due to the low grade and complex compositions of laterite ore, the formed slag may contain a large amount of Al 2 O 3 and a small amount of Cr 2 O 3 , which has an important influence on the slag properties and blast furnace operation. 8) In order to maintain the permeability of the material column, more cokes are used for blast furnace smelting laterite ore, and it is essential to understand the reaction behavior of coke in such complex slags. Some researchers have studied the reaction and wetting behavior of slag and coke/carbonaceous material. Mehta et al. 9) investigated the interfacial
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reactions of slags with different carbonaceous materials such as coal-chars, natural and synthetic graphite. Sahajwalla et al. 10) studied the effects of slag compositions and graphite on the reduction of SiO 2 at the interfacial region of slag and carbon, which indicated that temperature, slag and carbonaceous material composition had a significant influence on the SiO 2 reduction rate and wettability of the slag/carbon system. Oh et al. 11) studied the wetting behavior of CaO-SiO 2 -MgO-Al 2 O 3 slag drop on a coke substrate, indicating that the reduction of SiO 2 in the slag could improve the wettability of the slag and coke substrate while the wettability decreased with the increasing content of MgO. Liu et al. 12) investigated the dissolution behavior of gasified coke in FeO-containing slag as well as the reaction kinetics of coke and FeO in the slag. Li et al. 2) analyzed the coke samples which were taken from the deadman of a blast furnace during its overhaul period, indicating that the reaction between hearth coke and final slag was existed and the slag could fill into the porous cokes. All these works could provide some guidance for understanding the reaction behavior of slag and coke/carbon. However, the reaction behavior of coke in complex slags which could be formed by smelting low grade ores such as laterite ores has not been completely clear and needs to be further investigated.
In this work, the reaction behavior of coke with CaO-SiO 2 -MgO-Al 2 O 3 -Cr 2 O 3 slag which was formed by smelting of laterite ores in blast furnace was studied, which could provide a basis for understanding the reaction behavior of hearth coke as well as a reference for improving the quality of coke used in blast furnace.
Experimental

Materials Preparation
The coke used in the experiment was supplied from one iron making plant of China, which was charged into a large blast furnace, and the proximate analysis and ash compositions of the coke were presented in Tables 1 and 2. The original lump cokes were dried at 105°C in a desiccator for 12 hours and then processed into cylindrical specimens with a through hole of 5 mm in diameter, which was consistent with the diameter of the molybdenum holder. The diameter and height of the cylindrical coke sample was 17.5 mm and 17 mm, respectively. The slag sample was prepared based on the main compositions of Nickel industry blast furnace slag 13) and synthesized by using analytical grade CaO, SiO 2 , MgO, Al 2 O 3 and Cr 2 O 3 powder. All these oxides were calcined at 800°C in a muffle furnace for 6 hours before use. According to the slag compositions as shown in Table 3 , 125 g of prepared regents were precisely weighed and then mixed in the agate mortar thoroughly.
Experimental Procedure
In order to reflect the real flow state of molten slag in the blast furnace hearth, the reaction behavior between coke and molten slag was studied by the rotating cylinder method which the coke sample was mounted on a rod holder first and then immersed into the molten slag to rotate, therefore the dynamic reaction behavior of coke and slag could be investigated using this method. The influence of temperature, immersion time and rotation speed on the reaction behavior of coke and slag was considered, and the experimental conditions were listed in Table 4 . The schematic of the apparatus used to investigate the reaction behavior of coke and molten slag was shown in Fig.  1 , which was composed of a controller cabinet, motor and electric resistance furnace with silicon molybdenum heating element. Molybdenum crucible with dimensions of 60 mm in height and 39 mm in diameter and molybdenum rod with diameter of 5 mm was used to contain the slag and mount the cylindrical coke. The crucible containing the slag sample was placed at the uniform temperature zone of the electric furnace and heated to 1 550°C in an Ar gas (99.999%, 3.0 L/ min) atmosphere, and then kept at this temperature for about 2 hours to ensure the slag melted completely. After that, the temperature was held at 1 550°C or decreased to 1 520°C or 1 480°C at a cooling rate of 5°C/min. When the temperature of the slag sample was reached the desired value, the coke sample mounted on the molybdenum rod was lowered into the molten slag and rotated at a setting rotation speed (150, 100 or 50 rpm) for a specified time (120, 90, 60 or 30 min) under the protection of Ar gas atmosphere. The higher rotation speed in this study corresponds to the larger flow rate of the molten slag. After the experiment, the coke sample was taken out of the furnace and then cooled in Ar atmosphere to room temperature. The typical shapes of the coke sample before and after experiment were shown in Fig. 2 . As can be seen from Fig. 2(b) , the diameter of the reacted coke at different heights was similar, which could be measured by using a vernier caliper and used to represent the degradation degree of the coke. In order to reduce the measuring error, the average diameter of these measurements was employed as the final diameter of the coke sample. The diameter decrement which was the difference of the original and final diameter was used to characterize the reaction degree of the coke and slag. It should be mentioned that the experimental method and the data analysis method has been conducted by many researchers to investigate the dissolution behavior of refractories into molten slag, [14] [15] [16] [17] and this method has a better accuracy and reproducibility.
The microstructures and the elemental distributions of the coke after reaction with slag were observed and analyzed using a scanning electron microscopy (SEM; FEI MLA 250, USA) with energy dispersive spectroscopy (EDS). Furthermore, in order to obtain the surface phase composition of the reacted coke, the outer layer of the coke after reaction was collected and grinded into powder, and then the powder sample was examined by the X-ray diffraction (XRD; Ultima IV, Japan). The XRD patterns were collected with Cu Kα radiation in the 2θ range of 10°-90°, and the wavelength was 1.5406 Å.
Results and Discussion
Influence of Immersion Time on the Reaction of Coke with Slag
The diameter reduction of coke after reaction with slag at 1 550°C and 150 rpm for different immersion time was shown in Fig. 3 . It can be seen that the decrement of coke diameter increased with the immersion time increasing. When the immersion time of the coke and molten slag was longer, which means that the reactants had more time to contact and react, the reaction between coke and slag on the contact area proceeded more sufficiently, consequently aggravating the degradation of the coke. In the actual smelting process of blast furnace, the particle shape and size distribution of the coke has a significant effect on the coke bed permeability and slag holdup. 18) If there were many tiny and weak coke particles in the blast furnace, the permeability of the coke bed was poor and the residence time of molten slag in the coke bed was long, which will provide a large contact time and area for coke-slag reaction. The reaction between coke and slag will further increase the coke corrosion and then deteriorate the blast furnace operation. Therefore, it is important to ensure the hearth coke to have good cold strength, post-reaction strength and appropriate size, which is conducive to satisfy the requirement of smooth operation of blast furnace.
Influence of Temperature on the Reaction of Coke
with Slag The effect of temperature on the diameter reduction of the coke after reaction with slag was presented in Fig. 4 . As can be seen from Fig. 4 , the diameter decrement of the coke increased with the increase of temperature. The reaction rate constant, mass transfer constant and slag viscosity were related to temperature and the relationship between these constants or viscosity and temperature could be expressed by Arrhenius formula: 19) where k a , k d and η is the reaction rate constant, mass transfer constant and viscosity, respectively; E a , E k and E η is the apparent activation energy for reaction, mass transfer and viscous flow, respectively; R, k a0 , k d0 and η 0 are constants; T is the absolute temperature. According to Eqs. (1), (2) and (3), the reaction rate constant and mass transfer constant increased while the slag viscosity decreased with the temperature increasing. This means that higher temperature may promote the mass transfer of the reactant at the slag-coke interface and accelerate the interfacial reaction between coke and slag. On the other hand, the penetration rate of slag into the coke may be also improved due to the lower viscosity at high temperature and then resulting in severer degradation of the coke. Therefore, the coke diameter decrement increased with the temperature increasing and the erosion degree of the coke was more intense at a higher temperature.
Influence of Rotation Speed on the Reaction of Coke with Slag
The influence of rotation speed on the diameter reduction of the coke after reaction with slag was presented in Fig. 5 . It can be found from Fig. 5 that the diameter decrement of the coke increased with the rise of rotation speed. The mass transfer of the reactant at the interface between the coke and molten slag was influenced by the rotation speed, and a higher rotation speed could increase the renewal rate of reactant, 17) which could improve the mass transport kinetics, and then facilitate the slag-coke interfacial reaction. On the other hand, the strong scouring of slag under high rotation speed conditions also could accelerate the coke degradation, which increased the diameter decrement of the coke.
Reaction Mechanism of Coke with Slag
In order to clarify the reaction mechanism of coke and slag, the morphology of the coke before and after reaction with slag at 1 480°C for 120 min and 1 550°C for 60 or 120 min was analyzed by using SEM-EDS. The original morphology of the coke was presented in Fig. 6 . It can be seen from Fig. 6 that the pores of the original coke were small and narrow, which were distributed uniformly. The microstructures of coke reacted with slag at 1 480°C for 120 min were shown in Fig. 7. From Fig. 7(a) and EDS result of P1 in Fig. 7(c) , it can be found that a layer of slag was existed in the coke surface. This means that the molten slag could penetrate into the coke through the coke pores when the coke surface was directly contacted with the slag. As can be seen from Fig. 7(b) and EDS mapping results in Figs. 7(d)-7(j), a small amount of metallic Cr was formed in the slag layer or at the interface of coke and slag layer, indicating the reaction between carbon in coke and Cr 2 O 3 in slag according to reactions (4) and (5) was taken place. 13) The oxidation of carbon could cause the coke direct erosion, which may decrease the coke strength and improve the infiltration of slag into coke and then influence the permeability of the coke bed. Compared with the distribution of the pore in original and reacted coke, as shown in Figs. 6 and 7(b) , it can be found that a number of independent pores and interconnected pores were simultaneously presented in the reacted coke. The interconnected pores may be formed due to the degradation of the wall between two contiguous pores, and that provided the flowing channels of molten slag from the exterior to the interior of the coke. From the EDS result in Fig. 7(k) , it can be found that the region of the unreacted coke mainly consisted of C, O, Al and Si, indicating the elements of O, Al and Si were main compositions of the coke ash. From Fig. 7 (l) and EDS results in Fig. 7(m) , it can be clearly seen that the outer layer of the coke sample was slag instead of coke ash, due to its difference composition compared with the coke ash, which means the slag could infiltrate into the coke and flow to the coke interior through the pore channels. Eventually, the molten slag could fill up the coke pores. This phenomenon was also found and proved by Li et al. 2) and the filling slag may influence the dissolution of coke into hot metal and the corrosion of refractory in the hearth.
The morphology of coke reacted with slag at 1 550°C for 120 min was presented in Fig. 8 . It can be seen from Figs. 8(a)-8(b), a slag layer was observed on the coke surface. A part of Cr particles were distributed in the layer and some of that were formed at the interface of coke and slag, indicating that the reaction between coke and slag was carried out during the penetration process of slag into the coke. Besides Cr 2 O 3 , the SiO 2 in slag maybe also react with the Fig. 5 . Influence of rotation speed on the diameter decrement of coke after reaction with slag at 1 550°C for 120 min. According to the EDS result of P2 in Fig. 8(d) , the Cr particle was mainly formed and the presence of C, Si element indicated that the carbide or silicide may be also formed. The formed carbide or silicide has also been found in the reaction products of carbon composite brick and molten slag. 17) From Fig. 8(b) and EDS results in Figs. 8(c)-8(m), it can be found that the slag not only reacted with the carbon of the coke but also influenced the transformations of the coke mineral. In order to explore the reaction behavior of molten slag and coke ash, the element contents in different regions of P1, P3 and P4 were compared. The atomic fraction of P1, P3 and P4 was listed in Table 5 . As can be seen from the EDS result of P1 in Fig. 8(c) and Table 5 , this region was formed due to the slag penetration during the reaction process between coke and slag. According to the EDS result of P3 in Fig. 8(e ) and the element fraction as listed in Table 5 , this region mainly consisted of slag which was different from the slag in region of P1. The slag in this region may have absorbed the coke ash minerals and it could be considered as the reaction product of penetrated slag with coke mineral. From Fig. 8(f) , it can be found that the element of Mg and Al was mainly existed in the region of P4. According to Table 5 , the compound of MgO·Al 2 O 3 was mainly formed maybe due to the reaction of coke mineral with penetrated slag in this region. It means that the penetrated slags would react with the coke mineral to form new phase, which may further influence the properties of the coke. Therefore, the slag could penetrate into the coke and flow to the coke interior, which also reacted with the carbon or ash minerals during the penetration or flowing process.
According to the above analysis, the reaction mechanism between coke and molten slag can be described as follows. When the coke was in contact with the slag, the molten slag could infiltrate into the coke through open pores by capillary force and which may modify or disintegrate the coke internal structure. As can be seen from Fig. 9 which shown the SEM micrographs and EDS mapping results of the coke after reaction with slag at 1 550°C for 60 min and 120 min, the infiltrated slag was found in the interior pore of the coke. There were many small pores or narrow pore channels in the coke after reaction for 60 min, while a larger interior part of the coke was corroded when the coke reacted with slag for 120 min. From Fig. 9 , it also can be found that the metallic Cr was formed at the interface between slag and coke, which may be indicated that the molten slag firstly penetrated into the coke pore and then reacted with the coke nearby the pore. The interior pores will provide the channel to allow the molten slag to flow, and the penetrated slag would further flow to the interior of the coke through interconnected pores and eventually fill up these pores. The variations of microstructures and porosity of the coke may lead to the coke being more easily eroded by molten slag and generate a large amount of coke fines, which deteriorated the coke properties. Table 5 . Atomic fractions of three regions in Fig. 8(b) On the other hand, the oxides of Cr 2 O 3 and SiO 2 in the slag could directly react with carbon during the penetration process and the oxidation of carbon in the coke will produce more pores and cracks. 20) Reactions between coke and slag also influenced the wetting behavior of coke by slag. Due to the consume of carbon, the molten slag could in contact with the ash minerals directly, and the oxides of coke ash had a good wettability with slag, which may promote the penetration of slag into coke by wetting the ash oxides. 21) The increased coke porosity could also improve the wettability of the coke with slag as well as increase the reaction capabilities of slag oxides with coke, 22) therefore leading to the degradation of the coke. Furthermore, the slag could dissolve the coke ash minerals and react with that to form new phase in the penetration or flow process, which may change the coke integrity as well as the mineral catalytic ability and then influence the reactivity and strength of the coke. 23) Therefore, the comprehensive effects of slag-carbon reaction, slag-mineral reaction and slag penetration eventually resulted in the coke corrosion and further influenced the metallurgical properties of the coke.
The surface phase of the coke after reaction with slag at 1 550°C for 120 min was analyzed by XRD, as shown in Fig. 10 . It can be seen from Fig. 10 that the surface compositions of the coke included graphite carbon, gehlenite, akermanite, metallic Cr, Cr 3 C 2 and Cr 3 Si. The coexistence of Cr, Cr 3 C 2 and Cr 3 Si was also convinced in the EDS results of Fig. 8(d) . The existence of graphite indicated that the primary structure in the reacted coke was graphitic carbon structure. The phases of gehlenite and akermanite were crystallized out of the penetrated slag. The slag layer was formed at the coke surface may influence the dissolution process of coke into molten iron and affect the permeability of the coke bed in the blast furnace hearth. 2, 23) Therefore, it is important to ensure the quality of coke in the hearth zone of blast furnace.
Conclusions
The reaction behavior between coke and molten slag at different time, temperature and rotation speed has been studied. Some conclusions are obtained as follows:
(1) The diameter decrement of the coke depends on the immersion time, temperature and rotation speed, which increases with the increase of the immersion time, temperature as well as the rotation speed.
(2) The molten slag could infiltrate into the coke and further flow to the interior of the coke through pore channels then eventually fill up the pores. During the penetration process of slag into the coke, the carbon could be oxidized by Cr 2 O 3 and SiO 2 in the slag. Furthermore, the penetrated slag also could dissolve the coke ash minerals and react with that to form new phase.
(3) The comprehensive effects of slag-carbon reaction, slag-mineral reaction and slag penetration eventually result in the coke degradation and further influence the metallurgical properties of the coke. It is important to ensure the quality of coke in the blast furnace hearth zone to maintain the smooth operation of the blast furnace.
